Abstract In this work, we investigated the spatial distribution of two sessile insect herbivores over the entire range of their host plant, Coccoloba cereifera, a sclerophyllous shrub endemic to Serra do Cipó, Brazil. The two insects have very distinct life histories and dispersal behaviours and we hypothesized that their classification into behavioural syndromes could be used to predict their spatial distribution patterns. Abgrallaspis cyanophylli (Homoptera) is an armoured scale insect that fits well into the eruptive syndrome. Stenapion aff. contrarium (Coleoptera) is a petiole borer with wide search capabilities, which fits into the latent syndrome. We expected that Abgrallaspis would follow the host plant aggregation pattern whereas Stenapion would be distributed more uniformly through the region and be less affected by host aggregation. We counted the number of attacked and non-attacked ramets within two perpendicular belt transects as well as within a 20 m ϫ 20 m quadrat placed over a dense shrub aggregation. Local quadrat covariance methods were used to estimate the spatial pattern of each insect. At fine scales, we found Stenapion evenly distributed over the host plant and Abgrallaspis with a significantly aggregated pattern. This finding is in accordance with our hypothesis. At larger scales, however, this pattern was lost and the results were largely variable. We conclude that the classification of insects into behavioural syndromes may be useful to predict distribution patterns at fine scales. At larger scales, however, history and chance events may be more important.
INTRODUCTION
Herbivorous insects often show sudden and large variations in population densities. Many factors may contribute to these dynamics. Studies in crops and natural systems have documented strong influences of host plant phenology (Feeny 1970; Espírito-Santo & Fernandes 1998) , texture of abundance of the host plant (Cromartie 1975; Bach 1980; Kareiva 1983 ) and resource quantity and quality (Price 1991; White 1993) . Outbreaks have also been related to the bionomic strategies and behaviours of the insects (Nothnagle & Schultz 1987; Price 1992) , the presence of natural enemies and pathogens (Hanks & Denno 1993) , and to environmental factors such as pollutants, insecticides and fertilizers (Risch 1987; White 1993) . These many factors may interact with each other in complex ways, depending on the properties of each system (Ferro 1987) , making it very difficult to predict population dynamics.
Despite these difficulties, there are economic and ecological reasons for needing to predict the population dynamics of herbivorous insects. This has led to a search for general patterns of association between insect traits and population dynamics (Barbosa & Schultz 1987) . For example, Price et al . (1990) and Dodge and Price (1991) associated latent and eruptive population dynamics with characteristic behavioural and bionomic syndromes. They suggested that eruptive dynamics, featuring large density fluctuations, would be characteristic of insects with weak flight capability. These insects lack the ability to search for the best resource and tend to oviposit on plants, regardless of resource quality and quantity. They also frequently lay large numbers of eggs per clutch, show weak competition between adult females, and strong competition between juveniles. Latent dynamics, less variable, would be characteristic of insects with strong flight and search capabilities, strong competition between females, capacity for egg retention, preference for vigorous growing plant parts, a narrow diet breadth, and often internal feeding habit.
Some authors have argued that besides affecting population dynamics, bionomic characteristics may also have a strong impact on the spatial distribution of insects (Taylor & Taylor 1979) . Based on this assumption, we hypothesize here that insects with eruptive dynamics should have a clumped spatial distribution, because of their difficulty in actively locating isolated hosts. Aggregation would be further promoted by a tendency to build up the population in one place despite resource deterioration, because of the weak flight capability of insects with eruptive dynamics (Hanks & Denno 1992) . Conversely, species characterized by latent dynamics should be found more evenly distributed through space, because of their better flight capability and their oviposition behaviour. To test this hypothesis, we compared the spatial distribution of two insects with very distinct bionomic syndromes over the entire range of their host plant population in Serra do Cipó, Brazil.
METHODS

Study site
This study was conducted in Serra do Cipó (43 Њ 30 Ј -40 Ј W, 19 Њ 10 Ј -20 Ј S), in the southernmost part of the Espinhaço Mountains, a predominantly quartzitic range, which covers a distance of more than 1100 km (10 Њ -20 Њ S) in central Brazil. Above 1000 m, shallow, acidic, nutrient-poor and highly erodible sands (Freitas & Silveira 1977 ) support a xerophytic vegetation, dominated by sclerophyllous shrubs and open grasslands. This landscape, named 'campo rupestre', is characterized by high plant species diversity and endemism (Rizzini 1979) . Winters are dry and summers are rainy, with an average annual rainfall of 1500 mm and mean temperature of 17.4-19.8 Њ C (Galvão & Nimer 1965) . The rupestrian field is a fireprone ecosystem and fire frequency is nearly annual in most places because of strong human interference (Coutinho 1990 ).
Host plant
Coccoloba cereifera Schw. (Polygonaceae) is a narrow endemic but very abundant and conspicuous plant within its range, restricted to an area of approximately 26 km 2 within the campo rupestre habitat (Ribeiro & Fernandes 2000a) . It is a sclerophyllous shrub with simple architecture and highly aggregated distribution, characterized by predominantly clonal recruitment and strongly associated with sand pockets that are located between the rocky outcrops (Ribeiro & Fernandes 2000b) . Many ramets of variable size (up to 30 ramets per clone, reaching up to 2 m in height) grow from lignotubers that resprout rapidly after burning. Three leaf age classes can be easily recognized. The young age class is composed of expanding, dark red leaves, with extra-floral nectaries along the midrib that attract many ant and wasp species. Plants in the mature age class have fully expanded and sclerophyllous leaves that are bluish in colour because of a thick wax coating. Plants in the old age class have green leaves supported by very lignified stems.
Latent herbivore
The borer Stenapion aff. contrarium (Beguin-Billecocq), probably a new species (H. Burke, pers. comm.), is a small beetle (approximately 1.5 mm) that attacks petioles and midribs of fully expanded but not entirely mature leaves of C. cereifera . The insect has many generations per year, and adults emerge synchronously from mature and old leaves. Females are frequently observed dragging their ovipositor along the midrib of mature leaves, leaving marks on the wax cover. They actively search and evaluate sites for oviposition. Few eggs per leaf are laid on petioles or the midrib, and larvae eat within the midrib towards the stem, producing short mines. Up to four larvae per leaf were observed. Emergence holes are usually located on the adaxial face of the petiole, near the stem, and leaves with these holes are easily shed. Winged adult males and females disperse.
On sampled plants we classified these beetles as: egg (presence generally inferred by a characteristic reaction of the plant), larvae, pupae or adults (exuviae and/or emergence hole). Sexes were not distinguished.
Eruptive herbivore
Abgrallaspis cyanophylli Sign. (Diaspididae: Homoptera) is a polyphagous armoured scale insect of cosmopolitan distribution, which feeds on the phloem of its host plants (Miller & Howard 1981; Longo et al . 1995) . This species has colonized C. cereifera since at least 1974, as shown by heavily attacked exsiccates. Like all diaspidids, the first instar of both sexes, the crawlers, are responsible for dispersal. Most of the offspring settle under the mother scale, but some disperse passively by wind or by wandering on the ground. Survivorship in the migrating group is usually very low (Gullan & Kosztarab 1997) . All other life stages are sessile, except the winged male, whose movements do not contribute directly to colonization of new areas or plants. Females lay approximately 40 eggs under their own scale (K. T. Ribeiro, unpubl. data) and then die.
Sampled A. cyanophylli were classified as nymphs, adult females (including females with or without eggs or with crawlers), and adult males. It is possible to count the dead scales and recognize the developmental stage and sex of the insect based on the shape and size of the scales, even those of previous generations on very old leaves, because a precise mark is left on the leaf wax cover when scales fall off after death. These marks were also counted and classified. The number of dead insects was sometimes underestimated because of the frequent overlapping of generations at the same place, making it difficult to distinguish individuals. Hereafter, species will be referred to by their generic name.
Sampling plot
A 20 m ϫ 20 m quadrat was established in the centre of a dense Coccoloba patch. All 645 ramets within the quadrat were individually mapped and measured and the number of young, mature and old leaves that were attacked and not attacked by Abgrallaspis or Stenapion were recorded. Each ramet attacked by Abgrallaspis (n = 275) had every third leaf from bottom to top removed and frozen for latter quantification of insect abundance and stage distribution. From these 275 plants, 189 were also attacked by Stenapion , and the abundance and stage of distribution of this insect were also determined.
Sampling transects
Two perpendicular transects (north-south (NS), 5800 m, and west-east (WE), 5600 m) were established within the geographical range of Coccoloba . Adjacent 5 m ϫ 5 m quadrats were defined along each transect. All ramets within each quadrat were counted and their height measured. The number of leaves attacked or not attacked by each insect was also determined for each ramet. Overall, we sampled 5.7 ha and recorded data for 10 660 ramets.
Spatial pattern analyses
In order to assess the pattern of aggregation of each insect species, we estimated the degree of association between attacked and not attacked plants, using the local quadrat covariance method (LQC; Dale & Powell 1994) . Because this method uses grouped data, the plot data were grouped to create a 40 ϫ 40 grid with 0.5 m ϫ 0.5 m quadrats.
Considering one herbivore species at a time, we started by classifying ramets within each 5 m ϫ 5 m quadrat along the two transects as attacked or not attacked. This classification resulted in two datasets, one containing the density of attacked ramets per quadrat, the other containing the density of not attacked ramets per quadrat. The covariance between the two datasets was then calculated as:
where V A is the variance of attacked ramets per quadrat; V NA is the variance of not attacked ramets per quadrat; and V A + NA is the variance of the combined densities. The index b indicates the scale at which the covariance was calculated: b = 1 corresponds to the finest scale available (5 m ϫ 5 m quadrats for the transect; 0.5 m ϫ 0.5 m for the plot); b = 2 corresponds to a scale twice as large, obtained by merging adjacent quadrats (5 m ϫ 10 m quadrats for the transects; 0.5 m ϫ 1 m quadrats for the plot); b = 3 corresponds to 5 m ϫ 20 m quadrats (for the transect) and 0.5 m ϫ 2 m (for the plot), and so on. For the plot, blocking was also carried out in two directions, that is, b = 1 corresponds to the covariance of 0.5 m ϫ 0.5 m quadrats, b = 2 to 1 m ϫ 1 m quadrats; b = 3 to 2 m ϫ 2 m quadrats, and so on. For a more detailed description of the blocking procedure, see Dale and Powell (1994) .
The interpretation of the covariance measure is difficult. Ideally, covariance should be zero if insect attack is uniformly distributed in space. However, because the plant itself is not uniformly distributed, even uniform insect attack on patchy plants would result in a deviation from the null covariance. Consequently, we interpreted the observed covariance by comparing it with the overall variance of the plant distribution (NA + A variance): if attacked and not attacked plants are aggregated at some scale, the observed covariance should be greater than the overall plant variance at the same scale. However, covariance should be less than the overall plant variance if there is segregation between attacked and not attacked plants.
Statistical significance was assessed by using a randomization procedure (Dale & Powell 1994) . Plants were randomly classified as attacked and not attacked, while maintaining the same relative frequency as the real distribution, and covariance was calculated. We repeated this randomization 100 times, then estimated the covariance distribution under the null hypothesis of uniform insect attack over the whole plant distribution. Deviation from this null hypothesis was tested, with ␣ = 0.05.
Insect stage distribution and leaf age
We quantified the stage distribution of each insect species on leaves from different age classes to check for leaf age preferences. Only plants with Abgrallaspis were sampled (one-third of their leaves), but not all leaves had this insect. Although this sampling procedure only considers plants with Abgrallaspis, we believe that it does not represent a strong bias in the characterization of the Stenapion distribution pattern because 60.5% of plants with this species also had Abgrallaspis, and both insects were highly associated within the 20 m ϫ 20 m plot (co-ocurrence on the same plant: 2 = 84.01; P < 0.001; within the same quadrat: 2 = 23.81, P < 0.001).
Insect occurrence and previous attack
Based on behavioural characterization, a strong positive correlation was expected between previous and present attack by Abgrallaspis, as this species tends to build up a population in the same place. Stenapion attack, however, should be weakly related or not related to its presence on older leaves, as this species tends to disperse to new hosts. To test this hypothesis, regression analyses were performed (with all plants and leaves from the plot) to investigate the relationship between prevalence of each insect on leaves, plant size and previous attack on the same plant (presence/absence of attacked old leaves). Size was measured as the total number of leaves per ramet, because this strongly correlated with plant height; prevalence was calculated as the proportion of plants with 1, 2, 3, . . . n mature leaves attacked by each insect species. We considered only mature leaves, as those showed the highest densities of both insects. Arc-sin and square-root transformations were applied to data before analysis to obtain a normal distribution.
RESULTS
Sampling plot
Within the sampling plot, Coccoloba was patchily distributed, with a single peak of variance at approximately 7 m (Fig. 1c) . Variance peaks indicate the mean distance between clusters and gaps of vegetation. Approximately 42% of the ramets within the plot (from a total of 645 ramets) were attacked by Abgrallaspis, the eruptive species (Fig. 1b) . A covariance peak between plants attacked by Abgrallaspis and those not attacked was observed at the same scale as its host plant (7 m). Covariance magnitude was significantly lower than that expected by uniform attack (Fig. 1e) , indicating segregation between attacked and not attacked plants.
Stenapion, the latent herbivore, was found on 47% of the ramets (Fig. 1a) . Covariance peaked at the same scale as did that of the host plant (7 m), and its magnitude was not significantly different from that expected given the null hypothesis of uniform distribution.
East-west transect
Along the east-west transect, Coccoloba's distribution was clumped with a single peak of variance at 1500 m (Fig. 2a,d) . The latent herbivore, Stenapion, was found along the whole transect (Fig. 2b) . At scales up to approximately 500 m, covariance between Stenapionattacked and not attacked plants did not deviate significantly from the null hypothesis of uniform attack (Fig. 2e) , which is consistent with the pattern found in the plot. At broader scales, however, covariance became significantly higher. High covariance implies that the herbivore distribution is less aggregated than that of its host. This can be visually confirmed in Fig. 2c because Stenapion never reached high densities, even in dense patches of Coccoloba. Abgrallaspis was found in only 2.1% of the 5 m ϫ 5 m quadrats. Significantly low covariance was observed at scales of up to 1300 m (Fig. 2f) , which is consistent with the pattern observed in the sampling plot. At broader scales, we found the insect uniformly distributed through the host plant distribution.
North-south transect
Along the north-south transect, Coccoloba distribution was patchy. An unusually dense aggregation was observed at the southern end of the transect (Fig. 3a) . The variance plot (Fig. 3d ) indicated three major scales of variation: one at approximately 1500 m (similar to that found for the east-west transect), one at approximately 1000 m (defining four major ramet aggregations of this length), and one at approximately 2400 m (because of the biased distribution of Coccoloba toward the south arm). Stenapion was found in 20% of the 1160 quadrats (Fig. 3b) . The covariance plot (Fig. 3e) suggests that plants attacked by Stenapion were evenly distributed through its host, at scales of up to approximately 200 m. At broader scales, covariance became negative, stabilizing at approximately 1500 m (Fig. 3e) . Negative covariance (VA + VNA > VA + NA) implies that plants attacked and not attacked by Stenapion were highly segregated at this scale. The biased distribution of ramets toward the end of the south arm (very densely attacked) may be responsible for this result. When the covariance calculation was repeated for the south arm only, there was positive covariance (data not shown).
Abgrallaspis was found in 7.1% of the 5 m ϫ 5 m quadrats, and most attacked plants were located in two major aggregations of Coccoloba (Fig. 3c) . Covariance between attacked and not attacked plants was significantly lower than that expected for all scales (Fig. 3f ). For blocks above approximately 500 m, covariance became negative. The very heterogeneous distribution of ramets along the transect may be responsible for this result. 
Insect stage distribution and leaf age
Within the sampling plot, newly expanding leaves were mostly insect free, with no Stenapion present and Abgrallaspis rarely present (Table 1) . Mature leaves bore most of the juvenile population of both insects. Most records of both insects in old leaves were of dead scale marks of Abgrallaspis, and emergence holes/ exuviae of Stenapion (an evidence of adult emergence) (Fig. 4) .
The prevalence of Stenapion on mature leaves was weakly related to the number of leaves per ramet and had no relationship with previous attack on the same plant (prevalence = 0.106 + 0.068 (mature leaves); F2,509 = 2.92, P = 0.055). Conversely, there was a significant relationship between the prevalence of Abgrallaspis on mature leaves and previous attack of the same plant, as well as to the total number of leaves (prevalence = 0.092 + 0.127 (leaves) + 0.561 (presence); F2,508 = 146.15, r 2 = 0.365, P < 0.001). New leaves with Abgrallaspis were only found on already heavily attacked plants. The inclusion of the effect of previous presence strongly improved the model in the case of Abgrallaspis (without this effect: y = 0.280 + 0.262 (leaves); F2,509 = 37.39; r 2 = 0.068; P < 0.001).
DISCUSSION
Spatial dimension is now recognized as an important component of mechanistic ecological theory (Huffaker 1958; Levins 1968) . This interest has grown since 1980 as authors started to use computers to explore more thoroughly the impact of space on population dynamics and distribution (Hanski & Gilpin 1991) . Space has opened new avenues for the solution of old ecological paradoxes, such as the coexistence of similar species and the stable dynamics of metapopulations (Tilman & Kareiva 1997) . It became increasingly clear, however, that the role of space in population dynamics and distribution is scale-dependent. (Lawton 1984; Ives 1995) . The scale at which a specific pattern is observed depends on the spatial perception of the species studied, its behavioural characteristics, as well as the interaction between these variables and environ- Table 1 . Total number of expanding, mature and old leaves attacked by each insect species (% from total number of leaves of each age class) in the 20 m ϫ 20 m grid (n = 645 plants) mental heterogeneity (Kareiva 1983) . Thus, to study a spatial process requires a wide range of scales, in order to verify if, and at which scales, the expected pattern occurs (Ives et al. 1993 ).
In the Coccoloba-Stenapion-Abgrallaspis system, the recognition of characteristic bionomic syndromes allowed us to predict the general patterns of host use at fine scales (up to approximately 200 m). As expected, Stenapion, a latent species according to the criteria of Price et al. (1990) , was not affected by its host aggregation pattern. Good flight capabilities as well as their ability to assess host quality are probably responsible for this pattern, as well as the lack of correlation between current and previous attack on the same plant.
At fine scales, the eruptive herbivore was more clustered than its host, suggesting a contagious mode of dispersal. At broader scales, however, the spatial patterns of host use changed in a heterogeneous way and became less consistent among sampling sites. We conclude that, at broader scales, other factors such as history and chance events may overcome the importance of behaviour on spatial patterning (Samuel & Drake 1997) , and the evaluation of other factors, such as plant quality and distribution of natural enemies, may also mechanistically explain patterns at coarser scales (Hanks & Denno 1992) .
In conclusion, the classification of insects into behavioural syndromes and the use of covariance methods, although limited to the proximal causes of spatial patterns, proved to be an important tool for explaining and predicting spatial patterns of insect attack at fine scales. It is notable that the recognition of pattern was possible in this case even when the plant itself had a complex distribution, related to soil specificity and clonal growth (Ribeiro & Fernandes 2000b) .
Similar patterns have also been found with other species of Diaspididae and Apionidae, because they have relatively homogeneous behavioural characteristics, at least those related to flight and search capabilities (Heard 1995; Gullan & Kosztarab 1997; Hoffmann & Moran 1998) .
Nevertheless, it is important to ask if these results have wider generalizations, because these species occur at relatively high densities, not the general rule for the tropical region (Fernandes & Price 1988; Marquis 1991; Price et al. 1995) , nor among other species attacking C. cereifera. It is always difficult to detect patterns for rare species (Brown 1995) . Some attempts to test temperate region-based hypotheses in tropical systems have failed, possibly because of low population densities of the study species (e.g. Faria & Fernandes 2001) . Although the same mechanisms may be operating, such as the relationship between abundance, preference and performance, detection of pattern is precluded by low densities. In the present study, as well as Abgrallaspis and Stenapion, seven other insect species were found on Coccoloba (two Lepidoptera, three Homoptera and two Hemiptera), but analyses were not possible because of the very low numbers of these other species.
The studied species are almost archetypes of the dichotomy of 'eruptive versus latent' dynamics as proposed by Price and colleagues (Price et al. 1990; Dodge & Price 1991) . It may be hard to predict the spatial distribution of a species that does not fit a recognized syndrome so well. Intermediate cases are common and difficult to judge. Nevertheless, the establishment of dichotomies helps in dissecting the complexity of the real world.
There are many other tentative classifications of behavioural syndromes, used to distinguish potential pest or invader insects (e.g. Nothnagle & Schultz 1987) . These classifications usually parallel the r/K dichotomy, although each one emphasizes specific aspects of behaviour. Price et al. (1990) emphasized traits such as oviposition site, offspring number and resource quantity and quality. In the present study, this emphasis was widely justified because both species share many other characteristics, such as sessile habit and exploration of the same resource. However, similar patterns may arise when using other syndrome classifications because the many facets of behaviour are frequently highly correlated among groups of insects.
